Dissolved free and combined N-acetyl-D-glucosamine (NAG) is among the largest pools of amino sugars in the ocean. NAG is a main structural component in chitin and a substantial constituent of bacterial peptidoglycan and lipopolysaccharides. We studied the distribution and kinetics of NAG uptake by the phosphoenolpyruvate:NAG phosphotransferase systems (PTS) in marine bacterial isolates and natural bacterial assemblages in near-shore waters. Of 78 bacterial isolates examined, 60 took up 3 H-NAG, while 18 showed no uptake. No systematic pattern in NAG uptake capability relative to phylogenetic affiliation was found, except that all isolates within Vibrionaceae took up NAG. Among 12 isolates, some showed large differences in the relationship between polymer hydrolysis (measured as chitobiase activity) and uptake of the NAG, the hydrolysis product. Pool turnover time and estimated maximum ambient concentration of dissolved NAG in samples off Scripps Pier (La Jolla, Calif.) were 5.9 ؎ 3.0 days (n ‫؍‬ 10) and 5.2 ؎ 0.9 nM (n ‫؍‬ 3), respectively. Carbohydrate competition experiments indicated that glucose, glucosamine, mannose, and fructose were taken up by the same system as NAG. Sensitivity to the antibiotic and NAG structural analog streptozotocin (STZ) was developed into a culture-independent approach, which demonstrated that approximately one-third of bacteria in natural marine assemblages that were synthesizing DNA took up NAG. Isolates possessing a NAG PTS system were found to be predominantly facultative anaerobes. These results suggest the hypothesis that a substantial fraction of bacteria in natural pelagic assemblages are facultative anaerobes. The adaptive value of fermentative metabolism in the pelagic environment is potentially significant, e.g., to bacteria colonizing microenvironments such as marine snow that may experience periodic O 2 -limitation.
In the ocean, as on land, N-acetylglucosamine (NAG) is a major component of structural polymers in bacteria, plants, and animals. Chitin, a homopolymer of NAG, is a structural material in many marine invertebrates (e.g., cuttlefish, crab, and lobster), fungi, and algae (especially some diatoms [24] ). Many marine bacteria depolymerize chitin (72) , with cell surface hydrolases (e.g., see reference 15 and references therein), to NAG. Bacteria, both gram-positive and gram-negative, contain NAG as a main constituent of their cell wall peptidoglycan. Peptidoglycan depolymerization to liberate NAG has not been studied; however, since peptidoglycan is a major source of the pool of dissolved nitrogenous material in the ocean (42) , it is probably a large-scale process commensurate with the scale of bacterial growth dynamics in the ocean (17) . Thus, NAG flux through the marine dissolved organic matter may be important for bacterial growth and carbon and nitrogen cycling.
Since NAG is potentially a good energy and nitrogen source, one might hypothesize that NAG uptake is a widespread phenotype among marine bacteria. There are only few reports on bacterial uptake of NAG in seawater. Combining in situ hybridization with microautoradiography, Cottrell and Kirchman (14) found that NAG was preferentially taken up by ␣-Proteobacteria and by members of the Cytophaga-Flavobacterium cluster. The mechanism of NAG transport has been studied in only a few bacteria, mainly nonmarine, e.g., Escherichia coli (e.g., see references 49 and 68) , Bacillus subtilis (19, 44) , Staphylococcus aureus (29) , and Vibrio furnissii (7) . In E. coli, NAG is transported via a NAG-specific phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS NAG ) and also by a system with highest affinity for mannose (PTS Man ) (50, 51) . These NAG-PTSs result in NAG phosphorylation during trans-membrane transit. In the cytosol, phosphorylated NAG (NAG-P) may be deacetylated and deaminated to acetate, ammonia, and fructose-6-P (7), or it may directly enter cell wall peptidoglycan biosynthesis (9) . For example, Mobley et al. (44) found for B. subtilis that up to ϳ90% of the NAG taken up was converted to cell wall precursors and incorporated, but it could alternatively be respired when offered as the sole carbon source. Some spirochetes (12) and E. coli (71) and B. subtilis (19) mutants that cannot synthesize NAG require it for growth. Thus, mechanistic studies of NAG transport may yield insights on the in situ physiology of marine bacteria.
PTSs occur mainly among obligate and facultative anaerobes and only rarely among strict aerobes (last reviewed in reference 56). Since oxygenated seawater constitutes the largest biome on Earth, it is of interest to know whether PTSs are rare among bacteria in oxygenated seawater (e.g., restricted to anoxic microzones). Currently, there is little information to address this question. Most marine bacteria have resisted attempts to bring them into pure cultures, which is generally considered a prerequisite for studying specific biochemical mechanisms. Consequently, we know almost nothing about the distribution of PTSs in uncultured bacteria. In fact to our knowledge, information on NAG-PTSs even in cultured marine bacteria is limited to the Vibrionaceae (7).
Our objective was to determine the distribution of NAGPTSs among cultured marine bacteria as well as uncultured marine bacteria in coastal waters. Further, we studied the kinetic characteristics of the NAG-PTS in cultured bacteria in order to place their PTSs in the context of NAG pool turnover in the ocean.
Sensitivity to the antibiotic and NAG structural analog streptozotocin (STZ) was developed into an individual-cell, culture-independent approach to detect bacteria expressing NAG-PTS in natural marine assemblages. We further tested whether bacterial isolates expressing NAG-PTSs also expressed chitobiase (thus suggesting coupling between NAG production and uptake).
MATERIALS AND METHODS
Screening for NAG uptake and STZ sensitivity. Seventy-eight marine bacterial isolates (two gram-positive isolates, 13 isolates from the ␣-Proteobacteria, 18 members of the Cytophaga-Flavobacterium-Bacteroides [CFB] cluster, and 45 isolates from the ␥-Proteobacteria; see Fig. 1 ) were screened for uptake of N-acetyl-D- [1- 3 H]glucosamine (Amersham Pharmacia Biotech). Of these, 70 had been isolated from different marine waters by our laboratory over the last 20 years, and 5 were isolated by Moran and coworkers off the Georgia coast (22, 23) . In addition, three Vibrio strains were used: Vibrio cholerae strain N16961 (40) (from Ron Taylor, Dartmouth University) and Vibrio parahaemolyticus strain BB22 and Vibrio harveyi strain BB120 (8, 9) (both from Michael Silverman, Agouron Institute).
Isolate names and origins are given in Fig. 1 . Isolates were grown overnight in modified ZoBell 2216E broth (5 g of peptone, 1 g of yeast extract in 0.8 liter of GF/C [Whatman]-filtered seawater and 0.2 liter of MilliQ water, autoclaved at 121°C for 30 min). Cultures were then diluted in ZoBell broth and NAG (100 nM [final concentration]) was added to induce the PTS (44, 49, 68) . After ϳ2 h the exponentially growing cells were washed twice in artificial seawater (ASW) (66) by centrifugation (10,000 ϫ g, 5 min, 20°C) and left in ASW for 1 to 2 h. In this screening, culture density was not quantified before the uptake assay; however, all cultures used were dense. Samples were incubated for 1 to 2 min with a mixture of 3 H-labeled and unlabeled NAG (100 nM final) at 19 to 20°C and incubation terminated by filtration of 100-l subsamples onto 0.45-m-pore-size HA membrane filters (Millipore) followed immediately by two rinses with icecold sterile ASW. Formalin-fixed (2% final) controls were prepared for all experimental samples. Filters were dissolved in 1 ml of ethyl acetate and radioassayed after adding 10 ml of Ultima Gold (Fisher) liquid scintillation cocktail. Isolates that did not differ from the controls were grouped in the "no uptake" group, while isolates showing uptake (2 to 70 times as high as control) were grouped in the "uptake" group.
In order to develop the rationale for using STZ sensitivity as the basis for estimating NAG uptake in a natural bacterial assemblage, we tested whether all isolates capable of taking up NAG were sensitive to STZ. This compound is an N-methyl-N-nitrosourea derivative of N-acetyl-D-glucosamine produced by Streptomyces achromogenes (28) . Its mode of action is at the level of DNA structure and/or synthesis (52) and may be due to the intracellular conversion of accumulated STZ to diazomethane, a strong alkylating agent affecting primarily replicating DNA (38) . STZ (Sigma) was dissolved in MilliQ water (5 mg ml Ϫ1 , pH Ϸ 5.3), sterile filtered, and stored at Ϫ20°C for Ͻ1 to 2 weeks before use. To test for STZ sensitivity, isolates (in triplicate) were grown overnight in ZoBell broth with or without STZ (50 g ml Ϫ1 ). Isolates with no visible growth were scored as highly sensitive.
Isolates showing growth were further tested by measuring the inhibition of short-term [ 3 H]thymidine incorporation by STZ. This was because the observed growth (overnight) could have been due to the presence of STZresistant mutants in the inoculum (27) and/or the lack of sufficient STZ activity due to the rapid STZ degradation at neutral pH (our observations and reference 65). The isolates were grown overnight in a seawater medium (Bacto Peptone, 0.010 g; Casamino Acids, 0.058 g; glucose, 0.125 g; NH 4 Cl, 0.30 mM; NaH 2 PO 4 , 0.25 mM; ferric citrate, 0.20 M; EDTA, 0.20 mM; seawater, 1.0 liter; G. F. Steward and F. Azam, unpublished data), induced, and washed as described above. Then they were incubated with and without STZ (50 g ml Concentration dependence of NAG uptake. Uptake velocity for NAG was further studied for 10 of the 78 isolates (above) representing three phylogenetic groups. Following growth and induction, as described, they were counted microscopically and triplicate samples of 1 ϫ 10 8 to 5 ϫ 10 8 cells ml Ϫ1 were incubated with 3 H-NAG at seven different concentrations (1 to 100 nM) for 1 min before filtration and radioassay (above). Samples for subsequent cell counts were fixed at several time points during the course of the experiments to correct for any growth.
Chitobiase activity. We sought to elucidate a possible relationship between chitin hydrolysis (measured as chitobiase activity) and NAG uptake in marine isolates. A 5% (wt/vol) slurry of chitin (90% purified crustacean shells and 10% ␥-chitin; both from Calbiochem, La Jolla, Calif.) in MilliQ water was autoclaved and mixed with ZoBell broth containing NAG (100 nM) to a final chitin concentration of ϳ1%. Twelve isolates were grown overnight in this broth to ensure induction of chitobiase and PTS. Then, fresh medium was added to obtain exponential growth. After ϳ2 h, cells were washed once by centrifugation and aliquots fixed for cell counts. For chitobiase activity measurements, the cultures were diluted 10-fold and aliquoted into a 96-well white microtiter plate (Falcon). Five replicate samples and three controls (medium without cells) for each isolate were incubated at room temperature in the dark with the fluorogenic substrate 4-methylumbelliferyl N-acetyl-␤-D-glucosaminide (100 nM; Sigma). Fluorescence was measured using an HTS 7000 series BioAssay microtiter plate fluorometer (excitation wavelength ϭ 360 nm; emission wavelength ϭ 465 nm; Perkin-Elmer, Norwalk, Conn. . Cells were grown overnight and treated as prior to the screening for NAG uptake. Two milliliters of culture was lysed in a cooled French press and kept on ice. The lysed culture (100 l) was mixed with 100 l of assay mix yielding the following final concentrations: 25 mM KF, 12.5 mM MgCl 2 , 2.5 mM DL-dithiothreitol (Sigma), 25 mM phosphate buffer (pH 7.4), and 1.0 M 3 H-NAG and with and without a phosphate donor (5 mM PEP, pH 6 to 8; Sigma). The mixture was incubated for 20 min at 19 to 20°C and then applied to columns (0.7 by ϳ7 to 8 cm) of AG 1-X8 resin, 20-50 mesh (Bio-Rad), which had been washed with 30 ml of 1 M NaCl followed by 60 ml of MilliQ water. After sample addition, the column was washed with 70 ml MilliQ water and phosphorylated NAG was eluded from the column with 20 ml 1 M LiCl. One milliliter of eluates from assays with and without PEP was radioassayed in 10 ml of Ultima Gold and compared. Isolates incapable of NAG uptake and mixes with no added cell extracts served as negative controls.
Mixed acid fermentation among the isolates. The presence of facultative anaerobic isolates capable of mixed acid fermentation of mannitol or glucose was determined on a seawater-agar medium containing the pH indicator phenol red (10 g of peptone, 1 g of beef extract, 10 g of mannitol or glucose, 0.025 g of phenol red, and 15 g of agar in 1 liter of 80:20 seawater-MilliQ water). As anoxic conditions developed inside single plate colonies, mixed acid fermentation could be seen as a pronounced plate color change (red to bright yellow). One to two isolates were used per plate.
Field studies: Inhibition of bacterial [ 3 H]thymidine and single-cell bromodeoxyuridine (BrdU) incorporation by STZ. Screening the isolates, we established that bacteria taking up NAG were killed or severely inhibited by STZ while bacteria with no NAG uptake were unaffected. By comparing [
3 H]thymidine and BrdU incorporation in seawater samples with and without added STZ, we would get a means of estimating the proportion of bacterial production due to those bacteria expressing NAG-PTS. On 24 and 29 May and 1 June 2001, we measured bacterial abundance and the effect of STZ on [
3 H]thymidine incorporation in samples obtained from the upper 0.5-m depth off Scripps Pier (32°53ЈN, 117°15ЈW). Incubations were initiated within 10 min of sampling at in situ temperature Ϯ1°C. On May 24 and June 1, the effect on BrdU incorporation was also measured. Triplicate samples were incubated with and without freshly made STZ (100 g ml Ϫ1 ) for 1 h before the addition of [ 3 H]thymidine (20 nM, see below) or BrdU (20 m). Triplicate samples (100 ml) were incubated with BrdU (Boehringer-Mannheim) for 5 h in the dark on a shaker. BrdU-incorporating cells were quantified by the method of Hamasaki and Azam (26; unpublished data). Cells were concentrated by centrifugation (15,000 ϫ g, 10 min, 4°C), fixed in 2% paraformaldehyde, further concentrated by microcentrifugation (15,000 ϫ g, 10 min, 4°C), resuspended in 50:50 100% ethanol and phosphate-buffered saline (PBS) buffer (135 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , pH 7.0), and stored at 4°C. Concentrates were spotted onto glass slides and ethanol-dehydrated. Endogenous peroxidase was quenched with 3% H 2 O 2 in PBS for 10 min, followed by two washes in PBS, fixation with 3 to 4% paraformaldehyde in PBS for 30 min and two washes in PBS. The cells were VOL. 68, 2002 NAG UPTAKE BY MARINE BACTERIOPLANKTON 5555
Phylogenetic tree showing relationships of the analyzed isolates to representative bacterial 16S rRNA genes obtained from GenBank. The tree was inferred by Clustal W and the neighbor-joining method of on average approximately 400 bp. The number of bootstrap replicates supporting the branching order, from a total of 1,000 replicates, is shown at the segments. Only values of Ͼ50% are shown. Symbols and abbreviation: ϩ, NAG uptake, complete or partial inhibition by STZ; Ϫ, no NAG uptake, no effect of STZ; Fac. anae., facultative anaerobes. GenBank accession numbers are given after the isolate names. All isolates were isolated from off Scripps Pier except for isolates with the following prefixes: SB, Santa Barbara, California coast (64); JSL, Johnson Sea Link I Research Submersible, off Florida coast; GAI, E, and EE, Georgia coast (22, 23) ; V. cholerae N16961 (40), V. parahaemolyticus strain BB22 (9), and V. harveyi strain BB120 (8) . Isolate AA was identical to MED 11 (AF02554). The scale bar indicates base pair substitutions per nucleotide position. permeabilized with 0.01 N HCl for 5 min, treated with pepsin (2 mg ml Ϫ1 ) for 3 h at 37°C, washed 3 times with PBS, and treated with 0.1% (wt/vol) lysozyme (3 mg ml Ϫ1 ) in TE buffer (100 mM Tris-Cl, 50 mM EDTA, pH 8.0) for 15 min followed by three washes with PBS. Nucleic acids were denatured overnight with 1:100 nuclease in incubation buffer (BrdU labeling and detection kit III; Boehringer Mannheim) at 4°C and washed twice with PBS. BrdU was probed with a peroxidase (POD)-anti-BrdU antibody 1:500 in PBS containing 0.1% bovine serum albumin for 3 h in a humidity chamber followed by four washes with PBS. Signal amplification was obtained by adding biotinyl tyramide (1:50) in amplification diluent (TSA-INDIRECT [ISH] kit; Renaissance) for 10 min and three washes with TNT buffer (10 mM Tris-Cl, 150 mM NaCl, 0.05% Tween 20, pH 8.0) followed by incubation with streptavidin-fluorescein (1:500) in TNT buffer containing 0.5% bovine serum albumin for 30 min. After three washes in TNT buffer, the cells were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI) (1 g ml Ϫ1 ), washed with PBS, and mounted with antifading solution (46) . All incubations were at room temperature, except where indicated. Twenty fields for each of the triplicate samples were counted (corresponding to Ͼ300 DAPIstained cells and Ͼ100 fluorescein-stained cells per sample). A sample incubated with nonradioactive thymidine instead of BrdU and an exponentially growing culture incubated with BrdU served as negative and positive controls, respectively.
NAG pool turnover and ambient concentration off Scripps Pier. The turnover time of NAG (f/t ϭ fraction of label taken up per time; turnover time ϭ t/f) was estimated in samples taken off Scripps Pier 12 times during the period from 24 April to 4 June 2001. Sampling time was consistently during late afternoon. Bacterial abundance and [
3 H]leucine incorporation (to estimate bacterial production; below) were also measured at most samplings. Triplicate samples and duplicate formalin-killed controls were incubated with 3 H-NAG (3 nM) for 1 h at in situ temperature Ϯ1°C. Incubations were filtered and radioassayed as described above.
On three occasions (24 April, 21 and 23 May) the upper limit of the ambient concentration of NAG was estimated as S n ϩ K m (S n is the ambient concentra- Carbohydrate competition experiment. The effect of 8 carbohydrates on the uptake of NAG was determined in a sample obtained off Scripps Pier on 26 May, 2001. Triplicate 5-ml aliquots with a mixture of labeled and unlabeled NAG (100 nM, specific activity 1 Ci mmol Ϫ1 ) and carbohydrates at 1, 10, or 1,000 times the concentration of the added NAG were incubated for 1 h at in situ temperature Ϯ1°C. For each concentration, duplicate formalin-fixed samples served as controls. Six replicate samples and four formalin-fixed samples were used to determine the NAG uptake with no competing carbohydrates added. The sterilefiltered carbohydrate stock-solutions were made in distilled water at sufficiently high concentrations that the sample dilution was always Յ1%. Incubations were filtered and radioassayed as described above.
Bacterial abundance and production. Formalin fixed (2% final) samples were stained with DAPI (1 g ml Ϫ1 ) for 10 min and filtered onto black 0.2-m-poresize polycarbonate filters (Poretics). Within a few hours of sampling Ͼ200 bacteria filter Ϫ1 (or Ͼ20 fields filter Ϫ1 ) were counted at ϫ1,250 using epifluorescence microscopy (Olympus BH-2). To estimate variability among filters, triplicate sets of filters were made for a seawater sample and for a culture sample. Variability was on average 5.1%.
Bacterial production was measured by H]thymidine (20 nM final concentration; DuPont NEN) in sterile 2.0-ml capacity polypropylene tubes for ca. 1 h at in situ temperature Ϯ1°C. Samples with 5% trichloroacetic acid added prior to the addition of isotope served as blanks. Bacterial carbon production was calculated from leucine incorporation as in Simon and Azam (62) . Thymidine incorporation was converted to carbon production using 1.8 ϫ 10
18 cells mol of thymidine incorporated Ϫ1 (20) and a carbon-to-cell ratio of 20 fg of C bacterium Ϫ1 (36) .
RESULTS

NAG uptake in isolates.
Of the 78 isolates, 60 took up NAG while 18 did not show any measurable uptake ( Fig. 1; Table 1 ).
STZ sensitivity in isolates. Of the 60 isolates showing NAG uptake, 41 isolates had no visible growth overnight when STZ was present. For the remaining 19 isolates showing NAG uptake, STZ reduced thymidine incorporation by, on average, 58% Ϯ 28%. Tests of a few of the isolates, which did not grow overnight in the presence of STZ, showed ϳ100% inhibition of thymidine incorporation by STZ. All 18 isolates that did not take up NAG showed unchanged thymidine incorporation and were unaffected by STZ.
Facultative anaerobes among isolates. Of the 60 isolates that took up NAG and were completely or partly inhibited by STZ, 38 (63%) were facultative anaerobes. Seven (39%) of the 18 isolates that were unaffected by STZ were also facultative anaerobes ( Fig. 1; Table 1 ). Isolates affiliated with different phylogenetic groups varied in their ability to take up NAG or to ferment glucose or mannitol. Notably, all isolates within the Vibrionaceae group took up NAG, their growth was completely inhibited by STZ, and they were all facultative anaerobes ( Fig.  1 ; Table 1) .
NAG uptake, chitobiase activity, and PTS in selected isolates. NAG uptake was not significantly correlated to chitobiase activity (r 2 ϭ 0.12); however, isolates with low NAG uptake rates consistently showed low chitobiase activities ( Table 2) . Phosphorylation of NAG during uptake was tested for eight isolates known to take up NAG and for two isolates not taking up NAG. All eight converted NAG to NAG-P while no phosphorylation was found for the two negative controls (Table 2) .
Concentration-dependence of NAG uptake. Uptake of NAG was highly variable for 10 analyzed isolates (Fig. 2) . Little or no evidence for saturation kinetics precluded accurate determination of transport constants. Concentration dependence of uptake for a single isolate (JSL 12-2) was measured over a broad substrate range (1 nM to 1 mM). An Eadie-Hoftsee plot of the data indicates multiphasic uptake kinetics (Fig. 3) .
NAG uptake in natural assemblages off Scripps Pier; substrate specificity. Inhibition of uptake by other carbohydrates was variable but indicated that glucosamine, mannose, glucose, and fructose affected NAG uptake (Table 3) . However, only the inhibition by glucose, which inhibited the uptake of 3 H-NAG to the same degree as unlabeled NAG, was consistent with competitive inhibition. NAG pool size and turnover. The NAG turnover time ranged from 1.6 to 13.1 days (average 5.9 Ϯ 3.0 days; Fig. 4 ). The turnover time was negatively correlated to bacterial production (r 2 ϭ 0.46; n ϭ 9) but only weakly negatively correlated to bacterial abundance (r 2 ϭ 0.30; n ϭ 10). The ambient NAG concentration was unknown; however, an upper limit (K m ϩ S n ) was estimated to average 5.2 Ϯ 0.9 nM in three in situ uptake experiments.
STZ inhibition of bacterial growth in natural assemblages. The effect of STZ on thymidine incorporation was examined on three occasions, yielding an average reduction of 28.4% (Table 4 ). The effect of STZ on BrdU incorporation was examined at the single-cell level. The BrdU-antibody-labeled cells as a percentage of DAPI stained cells in control samples were 31% Ϯ 4% and 46% Ϯ 1%. On both occasions, additions of STZ led to a decrease of 43% (Table 4) .
DISCUSSION
Importance of studying transport systems in natural assemblages. Transmembrane transport is a true measure of organic matter flux into marine bacteria. The substrate concentration gradients across the cell membrane being on the order of, e.g., 10 6 for amino acids (62), pelagic bacteria would be expected to have highly efficient, energy-dependent, concentrative transport systems. However, our knowledge of specific transport systems employed by the bacteria in the sea is rudimentary and largely extrapolated from research on nonmarine enteric bacteria or from limited work on marine isolates. What transport mechanisms are dominantly used by the diverse as-yet-uncultured phylotypes in the natural assemblages has been an intractable question. Yet this knowledge is essential for a mechanistic understanding of the adaptive strategies of bacteria in the ocean and how the ecosystem expression of bacterial adaptive strategies influences the oceanic carbon cycle. The present study demonstrates that concerted studies of isolates and natural assemblages can yield insights into the expression of specific transport phenotypes (the PTS in the present study) by the bacteria in marine ecosystems. Broad phylogenetic distribution of NAG-PTS. Studies to date have shown that NAG uptake in bacteria is consistently via a PTS. So, the ability to take up NAG might be equated with the presence of a PTS for NAG transport. However, this generalization has not been tested in marine bacteria. Therefore, we first tested this relationship, in 8 NAG-uptake-positive isolates (out of a total of 78 isolates that we examined for NAG uptake). All 8 isolates were positive for PEP-dependent phosphorylation of NAG in cell extracts, a standard criterion for the presence of the expression of a PTS. We then assumed that all isolates that took up NAG also expressed a NAG-PTS.
Of the 78 isolates examined, 77% took up NAG. They belonged to all major bacterial phyla represented (␥-and ␣-Proteobacteria, gram-positive bacteria, and members of the Cytophaga-Flavobacterium-Bacteroides cluster). Likewise, isolates negative for NAG uptake also belonged to all major phylogenetic groups within Bacteria. This finding is consistent with the latest compilation of bacteria for which the presence or absence of the PTS has been documented (56), which shows that there is no obvious pattern in PTS distribution among the major bacterial phyla. (However, PTSs are found preferentially among obligate and facultative anaerobes and only rarely among strict aerobes [16, 55, 56, 57, 59 ; discussed further below].) If our isolates were representative of the bacteria in the ocean, then a large majority of bacteria would be expected to have the genetic capability to express NAG-PTSs. This led us to ask whether indeed the expression of NAG-PTSs is widespread among the natural assemblages (using STZ sensitivity as an indicator; see below). STZ sensitivity as an indicator of NAG-PTS-expressing cells. STZ and NAG compete for the same transport systems (2, 30, 38, 39) , both are phosphorylated during uptake, and (in E. coli) both are accumulated to similar concentration gradients (2) . Once inside the cell, STZ-P kills the cell by degrading its DNA. Bacteria with mutations in the PTS operon (2, 30, 37) or those unable to synthesize or energize the PTS (39) are unaffected. Our test of the effect of STZ in marine bacteria led to the conclusion that STZ kills or severely inhibits bacteria expressing NAG uptake while bacteria negative for NAG uptake are unaffected. On the basis of this finding, we reasoned that STZ sensitivity of bacterial growth would be a valid indicator of NAG-PTS-expressing bacteria in the natural assemblages. Thus, we were able to address the question of what fraction of the growing (BrdU-positive) bacteria is expressing NAG-PTSs? A second, technically simpler yet biogeochemically interesting, question that we addressed was, what fraction of total bacterial production is due to those bacteria that express NAG-PTS?
Indeed, a substantial proportion of DNA-synthesizing bacteria in samples from Scripps Pier expressed a NAG-PTS. STZ inhibited [
3 H]thymidine incorporation by 28.4% Ϯ 3.8% and BrdU incorporation at the single-cell level by 43% (Table 4) . These percentages are lower than for our isolates where 77% took up NAG. There may be a bias in favor of NAG-PTSpositive isolates and/or we may have underestimated the BrdU-positive cells if those with low rates of incorporation had gone undetected.
While we did not test it, the STZ sensitivity approach might reasonably be combined with species-specific oligonucleotide probes to study PTSs in specific bacterial species. Finally, since STZ degrades the target bacteria DNA, one might be able to detect, and quantify in an assemblage, the STZ-sensitive bacteria simply by a modified DNA staining protocol (e.g., see reference 73).
Uptake kinetics. The kinetic characteristics of bacterial transport systems reflect adaptations to nutrient-poor environments (Fig. 2) . Our analysis of the concentration dependence of NAG influx indicated large differences in uptake affinities and capacities between bacteria. We used a low concentration range (1 to 100 nM). In this range most isolates showed no tendency towards uptake saturation indicating K m values much higher than 100 nM. The near-linear relationship between NAG concentration (S) and uptake velocity (V) indicates that these isolates would be highly responsive to elevated NAG levels in their environment. We recognize that linear S versus V plots could also indicate that the uptake was by simple Fickian diffusion across the membrane. However, based on the survey of 8 isolates, all of which utilized a PTS in NAG uptake, it seems likely that most bacteria taking up NAG use PTS rather than simple diffusive transport. Analysis of S versus V data over a broader range of S showed more complex kinetic patterns but with a tendency towards saturation. As exemplified in Fig. 3 , some bacteria showed evidence of multiple or multiphasic uptake systems. Such kinetic response would enable bacteria to achieve enhancement of V over a broad range of environmental concentrations. This type of kinetic pattern has previously been described for D-glucose uptake by a marine isolate (45) . Multiphasic transport kinetics might be a strategy for optimizing uptake along NAG concentration gradients. Such gradients are likely to exist since NAG is mainly produced by the action of hydrolases at particulate loci in seawater (as would be the case of any monomer released at a particulate locus [4] ). Multiphasic kinetics would thus enable the bacteria interacting with a NAG source particle (e.g., a chitinous particle) to achieve a tight hydrolysis-uptake coupling (discussed further below).
Hydrolysis-uptake coupling. Some isolates showed large differences in the relationship between polymer hydrolysis (measured as chitobiase activity) and uptake of NAG, the hydrolysis product. Most had a high ratio of chitobiase/uptake (from 183 to 1,132); however, there were some interesting exceptions. BB2AT1 and TW6 had high NAG uptake but low chitobiase activity while LHFL1 had undetectable NAG uptake but significant chitobiase activity (Table 1) . We speculate that in natural bacterial assemblages some bacteria specialize in polymer hydrolysis but are less efficient in taking up hydrolysis products. Other species have low or no enzyme production and highly efficient monomer uptake and might depend on inefficient hydrolysis-uptake systems in other bacteria. Such crossfeeding has recently been demonstrated for a model community consisting of proteolytic and nonproteolytic Pseudomonas fluorescens (69) . Another example is from a survey of V. parahaemolyticus-related isolates associated with copepods by Kaneko and Colwell (31) . These authors defined two main clusters of isolates: group I-A was chitinolytic and could be important in the initial colonization of copepods; group II-A did not possess a chitinase but could utilize NAG and, thus, could be important in the remineralization of copepod detritus.
NAG pool turnover. The NAG pool turnover time ranged from 1.6 to 13.1 days (average, 5.9 Ϯ 3.0 days; Fig. 4 ). This range is longer than for D-glucose turnover in seawater in previous studies (6, 53) . Since we measured NAG turnover rate only at one place and only a few times we cannot say whether NAG pool turnover is generally slower than D-glucose turnover. Further, induction of transport systems as well as utilization of NAG during the 1-h incubation could potentially have affected the measured uptake.
There are no reports of NAG concentration in seawater. However, our measurements of (K m ϩ S n ) provided an upper limit of 5.2 Ϯ 0.9 nM on NAG concentration in our samples. The widespread expression of NAG-PTSs, and particularly the presence of high-affinity transport (above), would be consistent with (indeed predict) a tight control of NAG pool concentration to nanomolar levels in seawater. This situation is similar to bacterial control of excellent substrates (e.g., amino acids) at nanomolar levels and within narrow limits.
Substrate specificity. In natural assemblages, total or partial inhibition of NAG uptake in seawater by glucose, glucosamine, mannose, and fructose suggested a common transport system(s). However, except for glucose, the measured inhibitive effects were not consistent with competitive inhibition. Potentially, the results have been biased by, e.g., induction of transport systems or substrate-induced growth during the incubation. Nevertheless, the effects indicate that PTS NAG , which is specific for NAG, is not the sole uptake system for NAG in natural assemblages. Glucose and NAG had roughly equal uptake affinities (unlabeled NAG and glucose inhibited 3 H-NAG uptake equally). The use of a single system to transport multiple structurally similar substrates could be economical but may affect the cell's ability to coordinate substrate fluxes. Optimizations may vary with the microenvironmental concentrations of the substrates. Further insights might be gained by studying substrate competition at a range of concentrations, but this was not done in our study.
PTS in an "aerobic" ocean. PTS is energetically more favorable than ATP-driven active transport systems since it accomplishes substrate phosphorylation as well as transmembrane translocation at the expense of a single high-energy molecule (56, 58) . This is especially important to organisms in oxygendepleted environments carrying out glycolysis, which has a low energy yield. For instance, in E. coli, a facultative anaerobe, the glucose-PTS has an intermediate affinity for its substrate, and under glucose-limited growth an alternative, ATP-dependent high-affinity transport system (Mgl) is induced (18) . However, Mgl is not expressed under anaerobiosis and the PTS becomes the main mechanism (41) .
In the ocean, Ͼ90% of the bacteria are free-living in the water column (25, 67) and, thus, thrive in an aerobic and nutrient-limited environment. If we extrapolate from the experimental evidence from E. coli and from the energetics of PTS in aerobic and anaerobic environments, then PTS would not be expected to be a prevalent system among pelagic bacteria. As an explanation of the widespread distribution of PTS indicated by our study, we suggest that fermentative metabolism and a high capacity uptake system (as a PTS; 41) is an adaptation to growth on particles, where low-oxygen and nutrient-rich conditions may prevail. This proposed scenario fits well with speculations on the accumulation of bacteria with low-affinity high-capacity uptake systems in substrate production microzones (6) and with previous suggestions of "particlespecialist bacteria" in the sea (3, 5, 54, 61) . Indeed, in the pelagic marine environment, where organic matter is produced largely as particles, bacterial adaptations to interact with particles to optimize substrate uptake might include the ability to survive in low (or no) oxygen microenvironments. However, it should be noted that the traditional view that some marine aggregates contain low-oxygen or anaerobic microzones (e.g., see references 1, 10, 32, and 60) has recently been challenged by studies indicating that remineralization of aggregates may not be oxygen limited (47) and that anoxia in marine aggregates may be a transient phenomenon (48) .
So, are PTS-positive bacteria in the sea facultative anaerobes? This generalization was tested for our 78 isolates. Indeed, significantly more facultative anaerobes were found among the isolates which took up NAG (63%) than among isolates with no NAG uptake (39%). It should be noted that these are conservative estimates since we tested only for mixed acid fermentation and not alcohol fermentation and only for organisms capable of fermenting glucose or mannitol. Notably, all isolates within the Vibrionaceae group of ␥-Proteobacteria took up NAG and were all facultative anaerobes. Similarly, Meadow et al. (43) found a glucose-PTS and a fructose-PTS in 15 Vibrio species grown in seawater. A PTS has also been documented in V. furnissii (7) and V. parahaemolyticus (34) .
This seemingly ubiquitous presence of PTSs in Vibrionaceae could be an important physiological feature, which may help explain the prevalence of this group in various environments including the oceans (13) .
Implications for studying bacterial ecology. Our study highlights that "biochemical interrogations" of bacteria in natural marine assemblages can yield insights into their ecology and indeed into the nature of their microenvironments. For instance, this approach has led to the hypothesis that anaerobic microzones are significant in the ecology of a substantial fraction of bacteria in the coastal ocean. Further, we emphasize that iterative approaches based on building conceptual bridges between studies of pure cultures and natural assemblages can be quite powerful. The use of STZ in this mode here illustrates the point. Such an approach has the potential to contribute to the eventual goal of understanding the mechanistic bases of bacterial ecosystem activities in the ocean.
